Genome-wide Association Study of Periodontal Pathogen Colonization OrigiNal rEpOrt
Abstract: Pathological shifts of the human microbiome are characteristic of many diseases, including chronic periodontitis. To date, there is limited evidence on host genetic risk loci associated with periodontal pathogen colonization. We conducted a genome-wide association (GWA) study among 1,020 white participants of the Atherosclerosis Risk in Communities Study, whose periodontal diagnosis ranged from healthy to severe chronic periodontitis, and for whom "checkerboard" DNA-DNA hybridization quantification of 8 periodontal pathogens was performed. We examined 3 traits: "high red" and "high orange" bacterial complexes, and "high" Aggregatibacter actinomycetemcomitans (Aa) colonization. Genotyping was performed on the Affymetrix 6.0 platform. Imputation to 2.5 million markers was based on HapMap II-CEU, and a multiple-test correction was applied (genome-wide threshold of p < 5 × 10 -8 ). We detected no genome-wide significant signals. However, 13 loci, including KCNK1, FBXO38, UHRF2, IL33, RUNX2, TRPS1, CAMTA1, and VAMP3, provided suggestive evidence (p < 5 × 10 -6 ) of association. All associations reported for "red" and "orange" complex microbiota, but not for Aa, had the same effect direction in a second sample of 123 African-American participants. None of these polymorphisms was associated with periodontitis diagnosis. Investigations replicating these findings may lead to an improved understanding of the complex nature of host-microbiome interactions that characterizes states of health and disease.
Introduction
The study of the composition and the role of the human microbiome is a rapidly evolving and high-priority research area (Turnbaugh et al., 2007) . A dysbiotic relationship between a host and its microbiota is theorized to be an important component of many morbidities, including Crohn's disease, obesity, cancer, periodontitis, and others (Socransky and Haffajee, 2002; Badger et al., 2010; Ahn et al., 2012) . Accordingly, investigations of the oral microbiome are gaining increased attention (Avila et al., 2009 ). To date, over 600 species have been identified in the oral microbiome, and its diversity is greater than was initially theorized (Paster et al., 2006; Keijser et al., 2008) . Specific bacterial species that are implicated in chronic periodontitis (CP) have been identified; in general, they are commensal and include Gram-negative anaerobes. Noteworthy, while harboring of periodontal pathogens is virtually universal, only a small proportion of individuals develop severe forms of CP.
There is a large body of literature in candidate-gene studies investigating the genetics of host inflammatory response, inflammatory mediators, and cytokines in periodontitis (Zhang et al., 2011) . The study of the interactions between host genetic factors and oral microbial colonization, termed "periodontal infectogenomics" (Nibali et al., 2011) , is an important emerging area of research. Recent candidate-gene studies have suggested possible roles of polymorphisms in the IL-6, Fc gamma receptor, IL-1A, and IL-1B (Nibali et al., 2007 (Nibali et al., , 2010 (Nibali et al., , 2011 , whereas an earlier study by Socransky and colleagues reported associations between IL-1A and IL-1B polymorphisms and "high" colonization with bacteria of the "red" and "orange complex". No study to date has carried out a whole-genome investigation for host genetic markers of colonization with periodontal bacteria. To this end, and to add to the knowledge base of infectogenomics, as well as the genetic component of periodontitis, the aim of this study was to investigate susceptibility loci for colonization with subgingival periodontal microbiota using a GWA analysis approach.
Materials & Methods
A detailed description of the study population, genotyping and imputation, quality control, and population stratification procedures is included in the online Appendix. In brief, we conducted a GWA study among 1,020 self-reported white participants of the Atherosclerosis Risk in Communities (ARIC) longitudinal cohort investigation (The ARIC Investigators, 1989) . While ARIC is a study of atherosclerosis, CVD risk factors, and outcomes, a complete oral-dental examination took place between 1996 and 1998 during the fourth ARIC visit. As part of the Dental ARIC, apart from a complete clinical examination, five trained examiners collected subgingival microbial plaque samples (Beck et al., 2001) from the mesial surfaces of all first permanent molars in a subset of participants. Participants' periodontal diagnoses ranged from healthy/mild disease (41%) to severe periodontitis (19%).
The "checkerboard" DNA-DNA hybridization method (Socransky et al., 1994) was used on plaque samples to measure the extent of subgingival colonization with 8 periodontal pathogens: Prevotella intermedia [American Type Culture Collection (ATCC) 25611], Campylobacter rectus (ATCC 33238), Fusobacterium nucleatum (ATCC 10953), and Prevotella nigrescens (ATCC 33563) (belonging to the "orange" complex); Porphyromonas gingivalis (ATCC 33277), Tannerella forsythia (ATCC 43037), and Treponema denticola (ATCC 35404) ("red" complex); and Aggregatibacter actinomycetemcomitans (ATCC 43718). In that method, bacterial levels are expressed as counts relative to established microbial standards. Three dichotomous traits of "high" colonization with "red" complex, "orange" complex (Socransky et al., 1998) , and Aggregatibacter actinomycetemcomitans (Aa) were considered for analytical purposes. The two composite phenotypes were derived by the summation of bacterial counts for each species belonging to the "red" (n = 3) and "orange" (n = 4) groups, as described above. Because Porphyromonas gingivalis is considered the major periodontal pathogen implicated in periodontitis in adult populations, we explored for additional risk loci using its "high" colonization phenotype, defined as above, as a separate trait. Various approaches in defining the bacterial colonization profiles have been previously used, including summations of the absolute microbial counts (Offenbacher et al., 2007) , tertile categorization (Desvarieux et al., 2005) , and five-level categorization of log10-transformed counts (Papapanou et al., 2000) . For the present investigation, we defined a "high" colonization trait as the top quintile (20%) of each trait's distribution. The rationale for the selection of this phenotype is based on the fact that the "checkerboard" semi-quantitative method has a lower detection threshold of ~10 4 and reduced precision in the lower end of the distribution, whereas individuals with a "high" bacterial colonization profile may be those with reduced or impaired host and at high risk for periodontal tissue destruction.
Participants' DNA was extracted from blood samples drawn from an antecubital vein, and genotyping was performed with the Affymetrix Genome-Wide Human SNP Array 6.0 chip. The platform offers 906,600 markers for SNPs. Following rigorous quality control procedures, imputation to 2.5 million markers was performed with 669,450 SNPs and MACH v1.0.16 (http://www .sph.umich.edu/csg/abecasis/MaCH/ index.html), based on HapMap Phase II CEU build 36 (Appendix Table 1 ). For analytical purposes, the dichotomous traits of "high colonization" phenotypes were entered into 3 logistic regression models, assuming multiplicative (logadditive) allelic effects. The logistic regression models included age, sex, examination center, and 10 principal components from the population stratification analysis as covariates. A multiple-comparisons correction was applied, and with 1 million independent tests assumed, the threshold of genomewide statistical significance was set at p < 5 × 10 -8 . An additional a priori arbitrary threshold of p < 5 × 10 -6 was set to prioritize and investigate loci with suggestive evidence of association. We also compiled a list of the 10,000 SNPs with the lowest p value for each of the 3 traits that we examined. We considered SNPs with minor allele frequency (MAF) 5% or greater.
In a second step, we used a separate sample of 123 African American (AA) Dental ARIC participants (mean age, 61.5 yrs) to verify the SNP associations that we prioritized from the white sample GWAS. The distribution of the AA participants' gender, smoking status, DM, and bacterial colonization profile by periodontal diagnosis is presented in Appendix Table 2 . We followed identical quality control and analysis methods, including genotyping, population stratification, and genetic modeling. Imputation to 2,653,878 SNPs for the AA sample was based on the YRI sample of HapMap Phase II build 36. All GWA analyses were performed with the ProbABEL software (Aulchenko et al., 2010) . SNP annotations were performed with WGAViewer ver.1.26l (Ge et al., 2008) and Snipper ver. 1.2 (http://csg.sph.umich .edu/boehnke/snipper/), and loci visualizations with LocusZoom ver.1.1 (Pruim et al., 2010) and Haploview ver.4.2 (Barrett et al., 2005) . We used Polyphen-2 (http://genetics.bwh .harvard.edu/pph2/index.shtml) to assess potentially damaging non-synonymous SNPs. Gene reporting was based on the "HUGO Gene Nomenclature" (www .genenames.org).
Results
The sample's descriptive information is presented in Table 1 . Participants had a mean age of 63 yrs and approximately even gender distribution. Forty percent were never-smokers and 12% current smokers. Fourteen percent were diagnosed with DM. "High" bacterial colonization profiles were found in all groups of periodontal diagnosis according to the CDC classification; however, the prevalence of "high red" colonization cases was more than double among participants with severe periodontitis compared with those with mild or no disease. Similar, but less pronounced, associations were noted for "orange" complex and Aa.
Of the 2,178,777 examined SNPs, none had p < 5 × 10 -8 . A list of the top 10,000 SNPs ordered in ascending p value (all p < 4.0 × 10 -3 ) for each trait is available at: http://genomewide.net/public/aric/ dental/infectogenomics/topSNPs.xls. Fiftythree SNPs had p < 5 × 10 -6 and thus were prioritized for further investigation. Lambda inflation factors for 3 traits were: "red"-1.040, "orange"-1.045, and Aa-1.032. The corresponding Q-Q plots are presented in the Appendix (Appendix Fig. 1 ). Upon inspection of the prioritized SNPs, there were 5 loci that emerged for "red", 3 loci for "orange", and 5 loci for Aa colonization (Fig. 1) . Of those, 1 locus on 1q42 was shared for the "red" complex and Aa. Graphical representations of the genomic areas adjacent to 6 of these loci are presented in Fig. 2 .
The strongest signal with regard to "red" complex colonization (Table 2) was produced by rs11800854 in the 1q42 locus [p = 2.8 × 10 -7 ; OR = 12.3 (95% CI = 3.7, 41.3); MAF in HapMap-CEU (MAF-CEU): 0.067] in the promoter region (30 Kb upstream) of KCNK1 and adjacent to KIAA1804. The common [G] allele showed 3% enrichment among "high colonization cases" for both "red" complex and Aa. Another locus in chromosome 1p22 was marked by rs12032672 (p = 9.6 × 10 -7 ), ~500 Kb upstream of PKN2. Rs10043775, in linkage disequilibrium (LD) with multiple markers in the 5q33 locus, represents a missense change in the FBXO38 gene (resulting in [Pro]à[Arg] substitution, predicted as "benign" according to PolyPhen-2) and provided the strongest signal in that locus (p = 2.4 × 10 -6 ), also adjacent to HTR4. A high LD area in 9p24 including the UHRF2, GLDC, TPD52L3, and IL33 genes is marked by rs16924631 [intronic to UHRF2; p = 3.2 × 10 -6 ; OR = 2.29 (95% CI = 1.61, 3.24); MAF-CEU: 0.275], of which the [C] risk allele showed almost 10% enrichment among "cases". An intronic variant (rs10010758) of the TBC1D1 gene, adjacent (24 Kb) to PTTG2, provided the strongest signal in the 4p14 locus [p = 3.7 × 10 -6 ; OR = 1.91 (95% CI = 1.25, 2.21)]. The exploratory analysis for Pg "high" colonization revealed 3 loci with p < 5 × 10 -6 , including OTOF, C2Orf70, CIB4, DAB2IP, TTLL11, and AKNRD3 (Appendix Table 3 ).
The common allele of rs1932040 showed 9% enrichment and provided the strongest association signal with "high orange" bacterial colonization [p = 1.3 × 10 -6 , OR = 2.47 (95% CI = 1.67, 3.65)], marking an intergenic area between RUNX2 and CLIC5 on the 6p21.1 locus. A low recombination area on 8q23, adjacent to TSPS1 (1.3 Mb) and CSMD3 (672 Kb), was marked by multiple alleles, of which rs9942773 provided the strongest signal (p = 1.9 × 10 -6 ) and 10% enrichment among "cases". A variant intronic to CAMTA1 [rs1616122; p = 4.9 × 10 -6 ; OR = 1.85 (95% CI = 1.41, 2.42)] marked the 1p36.2 locus.
The 1q42 locus that was identified for "red" bacteria also provided the third strongest association signal for Aa [rs11800854; p = 4.0 × 10 -6 ; OR = 8.12 (95% CI = 2.73, 24.11)]. The common [T] allele of rs11621969 was also nominally associated with high Aa colonization (p = 9.4 × 10 -7 ) and was adjacent to FOS and JPD2 in 14q24. The rare [G] allele of rs1970525 was more than twice as prevalent among "cases" (0.118 vs. 0.054 among "non-cases"), provided the strongest signal in the 10q23 locus [p = 3.8 × 10 -6 ; OR = 2.89 (95% CI = 1.85, 4.52); MAF-CEU: 0.045)], and represents a nonsense-mediated decay transcript variant in the GRID1 gene. Rs9287989 is adjacent to KIAA1715 (30 Kb) and EVX2 (227 Kb) and marked the 2q31 locus (p = 4.4 × 10 -6 ). An intronic variant of ODZ2 (rs6885116) provided the strongest signal in the locus 5q35 [p = 1.4 × 10 -6 ; OR = 2.57 Figure 2 . Visualization of 6 loci that were marked by suggestive genome-wide association evidence (p < 5 × 10 -6 ) for "high" colonization with "red" complex, "orange" complex, and Aggregatibacter actinomycetemcomitans among the participants of the Dental Atherosclerosis Risk in Communities Study cohort (n = 1,020). The vertical axis corresponds to each marker's associated -log10 p value. The overlaid recombination rate plot and the pairwise linkage disequilibrium values with index SNPs were calculated based on HapMap II -CEU. Rs10043775, rs16924631, rs10010758, and rs12032672 provided association signals for "red" complex colonization; rs1616122 with "orange" complex; and rs11800854 with Aggregatibacter actinomycetemcomitans "high" colonization. Additional SNPs in locus with p < 5 × 10 -6 : rs6682365 (r 2 = 1.00).
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Additional SNP in locus with p < 5 × 10 -6 : rs10068216 (r 2 = 1.00), rs10072051 (r 2 = 1.00), rs17108251 (r 2 = 1.00), rs10044061 (r 2 = 1.00), rs4349707 (r 2 = 1.00), rs10477376 (r 2 = 1.00), rs9325095 (r 2 = 1.00), rs10041283 (r 2 = 1.00), rs9325097 (r 2 = 0.87), rs3734120 (r 2 = 1.00), rs4574533 (r 2 = 0.87), rs4274967 (r 2 = 1.00), rs4274968 (r 2 = 1.00), rs6884076 (r 2 = 1.00), rs9325098 (r 2 = 1.00).
5
Additional SNP in locus with p < 5 × 10 -6 : rs11795355 (r 2 = 1.00), rs7876000 (r 2 = 1.00), rs10975603 (r 2 = 0.93), rs16924626 (r 2 = 0.93), rs16924624 (r 2 = 1.00), rs10975605 (r 2 = 0.93), rs10115883 (r 2 = 0.93), rs10122116 (r 2 = 0.93). Additional SNPs in locus with p < 5 × 10 -6 : rs12525547(r 2 = 0.93), rs9349326 (r 2 = 0.93), rs16873698(r 2 = 0.93).
9
Additional SNP in locus with p < 5 × 10 -6 : rs10089040 (r 2 = 1.00), rs9942776 (r 2 = 1.00), rs10086149 (r 2 = 1.00), rs7845243 (r 2 = 0.87), rs10105817 (r 2 = 1.00), rs7006291 (r 2 = 1.00), rs11779159 (r 2 = 1.00), rs11783996 (r 2 = 1.00), rs10098056 (r 2 = 1.00), rs7018200 (r 2 = 0.92).
10
Additional SNPs in locus with p < 5 × 10 -6 : rs4325261 (r 2 = 1.00).
11
Additional SNP in locus with p < 5 × 10 -6 : rs6682365 (r 2 = 1.00).
12
Nonsense-mediated decay.
13
EXTLP2 is a pseudogene.
(95% CI = 1.76, 3.74); MAF-CEU: 0.084], showing 9% enrichment among "cases". The examination of our prioritized SNPs in the AA sample revealed that although no p value met conventional replication significance criteria (p < 0.05), all 8 of the effect estimates for the "red" and "orange" complex bacterial colonization traits (Appendix Table 4 ) had the same direction in the white and AA samples. In contrast, the results for Aa colonization were not consistent between the two samples. None of the prioritized SNPs were associated with periodontitis diagnosis at a nominal significance level (p < 0.05). Further, in Appendix Table 5 we present the effect estimates and associated p value of polymorphisms that were previously reported as associated with periodontal pathogen colonization profiles in studies by Socransky and Nibali (Nibali et al., 2010 . Of those, only 2 IL6 promoter polymorphisms (rs1800795 and rs1800796) were found to be significantly associated (p < 0.05) with high "red complex" colonization.
Discussion
This study is the first report of a genome-wide association analysis investigating risk loci for colonization with pathogenic periodontal bacteria. Although limited by the sample size, this investigation explores a novel phenotype and benefits from a comprehensive quantitative phenotypical characterization. In this investigation, we did not carry out a comprehensive investigation of genetic risk loci for chronic periodontitis, but examined bacterial colonization traits that are implicated in its pathogenesis and progression. We support that an increased understanding of the genetic underpinning of interactions between the host and exogenous or symbiotic bacterial communities has the potential to advance our knowledge not only of periodontitis, but also of other chronic inflammatory and microbiome-related diseases. Several of the risk loci identified in this study may offer promising leads for further exploration and mechanistic studies. For example, a recent experimental study showed that NLRP6 knockout mice had altered gut flora and were more susceptible to colitis (Elinav et al., 2011) .
Acknowledging the limitations of GWAS as a discovery tool, the reported SNP estimates may be overestimates of the true genetic effects (Göring et al., 2001) , whereas many true association signals with modest effects may not have been prioritized due to insufficient power. In contrast, the "unbiased" and comprehensive consideration of approximately 2.5 million genetic markers is an improvement over candidate-gene studies, which are typically motivated by prior information and biological plausibility (Hirschhorn and Daly, 2005) . Because it may be difficult to conduct replication studies or a larger GWAS in the near future, we examined our reported associations among a second small sample of AA individuals. While this approach provided compelling evidence for the "red" and "orange" complex results, this was not the case for the Aa colonization results. This may be due to differing genetic susceptibility factors for Aa colonization between the two racial groups, a fact that is supported by well-documented differences in bacterial colonization profiles between ethnic groups (Beck et al., 1992; Haffajee et al., 2005) . Our finding of no association of the identified SNPs with CP diagnosis is in support of both the multifactorial disease pathogenesis and the examination of bacterial colonization as a distinct trait. Although we did not collect information on this domain, it cannot be excluded that some participants might have received anti-inflammatory or antibiotic therapy prior to the oral examination and microbial plaque collection. It is possible that this could have influenced the oral bacterial colonization profile of some participants. However, it must be noted that the requirement of antibiotic prophylaxis prior to dental treatment was a study exclusion criterion.
Upon replication or validation, these findings have the potential to unveil pathways and mechanisms that direct the host's symbiosis with healthy microflora that, if altered, may predispose for states of disease (Darveau, 2010) . The consideration of specific microbiota as a distinct exposure in investigations of periodontal, oral, and systemic health is consistent with the paradigm of "periodontal medicine" and may provide novel insight into the 'oral-systemic diseases' connection. Although the prevention and treatment of periodontitis are obvious goals, the links of CP with other systemic conditions, and the "common theme" of pathogenic ecological shift in other diseases, provide opportunities for even greater impact.
